I. INTRODUCTION
Among the presently investigated renewable energy sources, thin film solar cells based on hydrogenated amorphous and/or microcrystalline silicon technology are a clean and cost-effective alternative for nowadays fossil fuels. In the research to improve their price/performance ratio, special attention has been addressed in the recent years to increase the deposition rate of the intrinsic silicon layer in these solar cells. A higher deposition rate enables a higher throughput without adding more processing equipment and, consequently, large-scale production can be obtained with a reduction of the production costs.
Hydrogenated amorphous silicon (a-Si:H) is usually deposited by ''conventional'' radio frequency ͑13. 56 MHz͒ plasma enhanced chemical vapor deposition ͑rf PECVD͒ at rates of 0.1-0.3 nm/s. Various efforts has been made to increase the deposition rate while maintaining ͑reasonable͒ film quality. These efforts range from investigations of more ''extreme'' operating conditions ͑at high power and pressure, working in the ␥ regime͒, 1,2 different reactor geom-etries ͑depositing under additional ion bombardment͒, 3 and other gas mixtures ͑admixing noble gases 4, 5 or using Si 2 H 6 ) 1, 6 to develop other a-Si:H production techniques. The development of these production techniques has been initiated by the fact that the increase in deposition rate for rf PECVD is limited as it rapidly goes at the expense of the material quality. A more significant improvement has been obtained by changing the excitation frequency from 13.56 MHz to the very high frequency ͑VHF͒ range ͑30-300 MHz͒. For this VHF PECVD technique deposition rates up to 3 nm/s have been reported. [7] [8] [9] However, for the production of solar cell devices the deposition rate is in practice usually limited to rates below 1 nm/s. 10, 11 A feature of the aforementioned methods is that they are so-called ''direct plasma'' techniques. This means that plasma generation and deposition take place in the same region, which makes it difficult or impossible to vary plasma parameters independently. For this reason, in the last decade a lot of research has been devoted to remote plasma techniques, where plasma generation, growth precursor transport, and deposition are geometrically separated. Some examples are: microwave generated plasmas, 12, 13 inductively coupled plasmas ͑ICP͒, [14] [15] [16] and electron cyclotron resonance ͑ECR͒ plasmas. [17] [18] [19] The deposition rates obtained by these techniques seize also up at ϳ1 nm/s. However, for some of the techniques the favorable film properties obtained, such as a high stability against light-induced degradation, are of more interest. 12, 19 A technique for which both advantages, i.e., high growth rate and high stability of the a-Si:H deposited, have been reported is hot wire chemical vapor deposition ͑HWCVD͒. With this technique, device quality a-Si:H has been obtained at deposition rates in the range of 0.5-2 nm/s. [20] [21] [22] [23] For films deposited at high substrate temperatures ͑ϳ400°C͒ good electronic properties have been obtained 20, 21 while films with a low H content ͑2-3 at. %͒ exhibit improved stability against light-induced degradation. 24, 25 This property, together with the very different electronic and structural properties, [26] [27] [28] are most probably related to the specific growth conditions of HWCVD, such as a high flux of H, a high substrate temperature, and a lack of energetic particle bombardment. 20 This article describes high rate deposition of a-Si:H using the expanding thermal plasma ͑ETP͒. For this remote plasma deposition technique, it has recently been shown that it can produce good quality a-Si:H at deposition rates up to 10 nm/s. [29] [30] [31] The technique uses a, in a subatmospheric plasma source created, Ar-H 2 plasma for SiH 4 dissociation in a low-pressure deposition chamber. In this article, the film properties of the a-Si:H deposited will be presented as a function of the H 2 flow in the plasma source and for two different substrate temperatures.
The aim of this article is not only to show that a-Si:H with properties suitable for the application in solar cells can be deposited at rates up to 10 nm/s, but also to relate the a-Si:H properties to the plasma processes and to the contribution of different plasma species to film growth. The production of Si containing ions and radicals and their contribution to film growth in the expanding thermal plasma has been studied in detail by the combination of different plasma diagnostics and has been presented in previous work. [32] [33] [34] [35] [36] [37] It has been observed that the plasma processes in the downstream region change drastically when varying the H 2 flow in the plasma source. The dominant SiH 4 dissociation process shifts from ion-induced reactions at zero or low H 2 flows to H abstraction reactions of SiH 4 by H atoms at higher H 2 flows. 32, 35, 37 This causes a transition from film growth with a large contribution of very reactive ͑poly͒silane radicals at low H 2 flows to film growth with a dominant contribution of SiH 3 radicals at higher H 2 flows. 37 A small contribution of H-poor cationic Si clusters remains rather constant as a function of the H 2 flow. 35 The consequences of this transition in growth precursors for the a-Si:H film properties will be presented and possible relations indicated.
From this study, more insight into the growth of good quality a-Si:H at high deposition rates can be obtained while the results are also relevant for other ͑low-deposition rate͒ techniques. From a comparison of the ETP deposited a-Si:H with a-Si:H deposited by rf PECVD and other techniques ͑HWCVD/other remote plasmas͒, it is tried to come to general insights with respect to a-Si:H deposition. For example, from similarities in film properties and growth conditions it is possible to address questions such as: ''What is the role of ion bombardment?,'' ''Are high substrate temperatures in-evitable for obtaining good quality a-Si:H at high deposition rates?,'' etc.
II. DEPOSITION SETUP AND FILM DIAGNOSTICS
The ETP deposition technique is schematically represented in Fig. 1 . The technique is based on the generation of an Ar-H 2 plasma in a thermal plasma source ͑a cascaded arc͒, which subsequently expands into a low-pressure chamber where it dissociates the injected SiH 4 gas. The cascaded arc is operated at a dc current of 45 A and a voltage between 70 and 140 V depending on the H 2 fraction in the gas mixture. The Ar flow used is 55 sccs ͑standard cm 3 s Ϫ1 ͒, while the H 2 flow is varied between 0 and 15 sccs. The plasma source pressure is about 400 mbar. Pure SiH 4 is admixed in the low-pressure ͑0.2 mbar͒ chamber just behind the source exit by means of an injection ring. The SiH 4 flow is fixed at 10 sccs for the present study. 38 Up to three substrates can be mounted on a substrate holder, which is placed on a copper yoke in the deposition chamber by means of a loadlock system. The yoke is positioned at 35 cm from the cascaded arc outlet and is resistively heated. Accurate substrate temperature control ͑100-500°C͒ is achieved by means of a He backflow between the yoke and the substrate holder, and between the substrate holder and the substrates. 39 For the present study, substrate temperatures T of 250 and 400°C have been used. During plasma ignition and admixing of SiH 4 , the substrates are screened from the plasma by means of a shutter, which is opened after stabilization of the gases. More details on the deposition setup can be found in Refs. 32 and 35. Films with a thickness between 500 and 1000 nm have been deposited on 2.5ϫ2.5 cm 2 p-type Si͑111͒ substrates ͑10-20 ⍀ cm͒ and on Corning 7059 glass. The refractive index and deposition rate of the films have been obtained by in situ ellipsometry ͑at 632.8 nm͒ and ex situ infrared transmission spectroscopy. From the analysis of the ellipsometry data using an optical model for the film, also the surface roughness of the films during deposition has been obtained. 40, 41 In the model, the surface roughness is represented by a toplayer with a void fraction of 50%. The H content of the films has been determined from the Si-H absorption peaks in the infrared transmission data using recalibrated values of the proportionality constants: 42 (1.6Ϯ0.2) ϫ10 19 cm Ϫ2 for the wagging mode at ϳ640 cm Ϫ1 , (9.0 Ϯ1.0)ϫ10 19 cm Ϫ2 and (1.5Ϯ0.2)ϫ10 20 cm Ϫ2 for the stretching modes at ϳ2000 and ϳ2100 cm Ϫ1 , respectively. The intensity of the absorption I for the two stretching modes has been used to calculate the microstructure parameter R* ϭI 2100 /(I 2000 ϩI 2100 ). This yields information on how the H is bonded, as isolated SiH ͑absorption centered at ϳ2000 cm Ϫ1 ͒ or as SiH 2 and/or clustered SiH on internal surfaces ͑absorption centered at ϳ2100 cm Ϫ1 ͒. Raman spectroscopy with 514.5 nm laser radiation of an Ar ϩ laser has been applied to investigate the lattice disorder.
Concerning the optoelectronic properties, the photoconductivity ph has been obtained under air mass ͑AM͒ 1.5 illumination ͑100 mW/cm 2 ͒ using coplanar A1 contacts. The dark conductivity d and its activation energy E act have been determined in vacuum during the cool down stage after annealing the films at 160°C for 30 min. Transmissionreflection spectroscopy has been used for the analysis of the optical band gap. The Tauc optical band gap E Tauc has been determined from Tauc's equation (␣E) 1/2 ϭB(EϪE Tauc ) and the Klazes' or cubic band gap E cubic from the Klazes' equation (␣E) 1/3 ϭC(EϪE cubic ) with B and C material dependent constants. 43 The electron and hole drift mobilities have been obtained from standard time-of-flight ͑TOF͒ experiments 44 using 2-4-m-thick a-Si:H films sandwiched between a bottom Cr substrate and a top semitransparent Cr contact. The electric field applied has been varied between (0.5 and 2.5) ϫ10 4 V cm Ϫ1 for these measurements. Figure 2 shows the deposition rate of the films deposited at substrate temperatures of 250 and 400°C for different H 2 flows in the cascaded arc plasma source. The deposition rate shows first a steep decrease as a function of the H 2 flow, followed by a slight increase at higher H 2 flows. This behavior is addressed in other articles, 32, 35, 37 where it was shown that at low H 2 flows SiH 4 dissociation is governed by ioninduced reactions and at high H 2 flows by reactions with atomic H from the plasma source. The deposition rate varies between 6 and 80 nm/s and is much higher than for other deposition techniques. The deposition rate also shows a dependence on the substrate temperature, especially at low H 2 flows. This can mainly be attributed to differences in film density as can be concluded from Fig. 3 , where the refractive index of the films is given. The Si density or mass density is about linear in the refractive index of the films in the infrared. 42 After correcting for the film density, the deposition rate in terms of Si atoms deposited per unit of time shows only a slight decrease as a function of the substrate temperature. 36 In addition to the fact that the refractive index depends on the substrate temperature, it depends also on the H 2 flow. At low H 2 flows the refractive index is considerably lower meaning that these films contain more H and/or have a considerable void fraction. Figure 4 shows that the H content of the films deposited at 250°C is higher than for the films deposited at 400°C, which is in agreement with the difference in refractive index. For the films deposited at 250°C the H content is about 17 at. %, while it is about 7 at. % for the films deposited at 400°C. The microstructure parameter R*, given in Fig. 5 , reveals that mainly the amount of H bonded as clustered SiH and/or SiH 2 45 decreases with increasing temperature. For the different H 2 flows, the data show that for both substrate temperatures the H content is lower and the R* value is higher at a H 2 flow of 0 sccs. Together with the lower refractive index, this implies that the films deposited with 0 sccs H 2 contain a considerable amount of voids. From these observations it is concluded that the films obtained at very low H 2 flows have inferior structural properties compared to those deposited at high H 2 flows. As will be addressed in more detail in Sec. IV A, this behavior can be attributed to the contribution of different plasma species to a-Si:H growth. At high H 2 flows, film growth is dominated by SiH 3 radicals which have a relatively low surface reaction probability. At very low H 2 flows on the other hand, there is a large contribution of radicals with surface reaction probabilities close to one. This transition to radicals with a lower surface reactivity when going to higher H 2 flows, is also indicated by the decrease of the surface roughness with increasing H 2 flow as shown in Fig. 6 .
III. RESULTS

A. Deposition rate and structural film properties
Compared to a-Si:H deposited by conventional techniques such as rf PECVD, the ETP deposited a-Si:H distinguishes itself mainly by the much higher deposition rate. Furthermore, a higher substrate temperature is necessary for the ETP technique to obtain the same refractive index and Si mass density: rf PECVD yields usually dense films at substrate temperatures of 250°C, 43, 46 whereas for the films deposited at high rate by the expanding thermal plasma a substrate temperature over 350°C is required. 29, 31, 47 The H content and the microstructure parameter R* for the ETP films deposited at 250°C are also higher than for ''optimized'' rf PECVD films which are usually deposited at this substrate temperature. These rf PECVD films contain typically ϳ10-12 at. % H while the value for R*Ͻ0.1. 43, 46 The H content of the ETP films deposited at 400°C is lower than for optimized rf PECVD material (Tϭ ϳ250°C) while the R* value is still higher. Nevertheless, in Sec. III B it will be shown that a substrate temperature of 400°C yields the optimized film quality for the ETP tech-nique. The difference in substrate temperatures yielding optimum film quality leads however to somewhat different optical and electronic properties between the two optimized materials as will be addressed in Sec. III B.
The last structural property investigated for the very high rate deposited a-Si:H is the lattice disorder, which is deduced from the Raman Si-Si TO linewidth. Raman spectra of films deposited with 10 sccs H 2 are given in Fig. 7 for substrate temperatures of 200 and 450°C. The spectra show only a broad feature at ϳ475 cm Ϫ1 indicating that the material is purely amorphous. The half width at half maximum of the Si-Si TO mode is 35 cm Ϫ1 for the 200°C sample and 33 cm Ϫ1 for the 450°C sample. The corresponding bond-angle distortions 48 are 9°and 8.5°, respectively. These values are also typically found for rf PECVD a-Si:H. 49
B. Optoelectronic film properties
The AM 1.5 photoconductivity ph and dark conductivity d of the films are given in Fig. 8 . Both ph and d are higher for the films deposited at 400°C, but their ratio ph / d ͑photosensitivity͒ is lower at this temperature. This lower photosensitivity is mainly due to the higher values of d at 400°C. Furthermore, it is clear that ph decreases for decreasing H 2 flow leading to a very small photosensitivity at low H 2 flows. This implies that also the optoelectronic film properties deteriorate for decreasing H 2 flow in the cascaded arc.
In comparison with rf PECVD a-Si:H, the photosensitivity of the ETP films is rather low: ϳ10 4 at 250°C and ϳ10 3 at 400°C. For high quality rf PECVD a-Si:H deposited at substrate temperatures around 250°C, a photosensitivity of ϳ10 5 is usually reported, with ph in the order of 10 Ϫ5 ⍀ Ϫ1 cm Ϫ1 and d preferably Ͻ10 Ϫ10 ⍀ Ϫ1 cm Ϫ1 . 43, 46 For the ETP films obtained at 250°C, ph is about one order of magnitude smaller. This shows that at the substrate temperatures typically used for a-Si:H deposition the quality of the very high rate deposited ETP material is indeed inferior. This agrees with the lower Si atomic density obtained at 250°C. The comparison of the ETP films deposited at 400°C with rf PECVD films produced at 250°C is, however, somewhat more complicated. The values of ph are slightly smaller than for the optimized rf PECVD films, but especially the values of d are higher. The higher values of d can ͑partially͒ be attributed to the earlier-mentioned lower H content of the ETP deposited a-Si:H. This lower H content leads to a lower optical band gap, 46, 50, 51 and consequently to a smaller activation energy E act of d and therefore to higher values for d itself. The activation energy of d is given in Fig. 9 . The typical value of ϳ0.75 eV at 400°C is slightly smaller than the usually reported value of ϳ0.8 eV for rf PECVD a-Si:H. Because d is very sensitive on E act due to the exponential dependence, the smaller value of E act is one reason for the relatively low photosensitivity at 400°C. For the 250°C deposited films E act is higher ͑ϳ0.90 eV͒ than for rf PECVD films deposited at this temperature, in agreement with their higher H content.
The optical gap has only been determined for the condition with 10 sccs H 2 . The Tauc gap E Tauc is 1.67 eV for films deposited at 400°C, which is indeed lower than the typical values of 1.7-1.8 eV for rf PECVD a-Si:H. 43, 46 For the ETP films deposited at 250°C, E Tauc is 1.76 eV. The cubic optical gap E cubic is 1.51 eV for the films deposited at 400°C, which is about twice the value of E act (0.75 eV). This implies that the material does not suffer severely from impurities 43 as also concluded from nuclear analysis of a-Si:H films. Furthermore, the lower bandgap leads to a larger absorption coefficient (␣ϭ3.8ϫ10 4 cm Ϫ1 at 2.0 eV͒, implying that in solar cells with ETP a-Si:H thinner intrinsic films can be used.
To obtain more insight into the electronic properties, the electron and hole drift mobility have been investigated by means of TOF measurements for films deposited with 10 sccs H 2 . The deposition rate of these films was 10 nm/s. 38 The mobilities for films deposited at 325 and 450°C are shown in Fig. 10 as a function of the TOF-analysis temperature and for an electric field of 10 4 V cm Ϫ1 . The hole and electron mobility are very weakly dependent on the electric field. 31, 52 For the 325°C films, the room temperature drift mobilities are 0.70 cm 2 V Ϫ1 s Ϫ1 and 3.7ϫ10 Ϫ3 cm 2 V Ϫ1 s Ϫ1 for the electrons and holes, respectively, and 0.81 cm 2 V Ϫ1 s Ϫ1 and 1.1ϫ10 Ϫ2 cm 2 V Ϫ1 s Ϫ1 for the 450°C films. The increase of both mobilities with increasing substrate temperature clearly shows that the electronic film properties improve with increasing substrate temperature. The activation energies are 0.29 and 0.24 eV for the electrons at 325 and 450°C, respectively, which is higher than the typical value of 0.15 eV. 53 The activation energy of the hole mobility, which is 0.39 eV for both substrate temperatures, is standard. 53 Very remarkable is that the hole drift mobility of the ETP material at 450°C is about one order of magnitude larger than for standard a-Si:H. 53 The electron drift mobility, however, is about a factor 3-6 smaller. The relatively high hole drift mobility, coupled to the only slightly lower electron drift mobility, results in an increased average carrier mobility and hence a higher recombination rate. 54 This yields a second explanation for the relatively low photosensitivity of the material compared to rf PECVD a-Si:H.
Finally, it should be mentioned that also the defect density of the ETP a-Si:H deposited at high substrate temperatures is reasonably low. Post-transit photocurrent analysis of the TOF experiments, described in detail in Refs. 31 and 52, yielded a defect density of ϳ10 16 cm Ϫ3 . In combination with the enhanced hole drift mobility, this suggests that the ETP deposited a-Si:H is suitable for the application in solar cells.
C. Solar cells
Attempts on the fabrication of solar cells with an intrinsic a-Si:H layer deposited by the expanding thermal plasma have been carried out. The fact that the best film properties are obtained at relatively high substrate temperatures complicates the application of the ETP material in the commonly used p-i-n solar cell structure. Deposition of the intrinsic film at substrate temperatures over 300°C causes severe deterioration of the p layer and consequently zero solar cell performance. Therefore, two different, single junction solar cells have been fabricated: a p-i-n cell with the i layer deposited at 300°C has been produced in cooperation with the Delft University of Technology, and a n-i-p cell with the i layer deposited at 400°C in cooperation with Utrecht University. In the n-i-p cell, a thermally stable n layer was used as also applied in HWCVD deposited solar cells. 55 For both cells, the doped layers were prepared in rf PECVD chambers, and the vacuum was broken to deposit the intrinsic a-Si:H films in the ETP setup. The i layers were deposited with a H 2 flow of 10 sccs and at a deposition rate of 7 nm/s. The p-i-n cell contained a 10-nm-thick p layer deposited on glass with Asahi SnO 2 and a 20-nm-thick n layer. For the n-i-p cell, a 75 nm thick n layer deposited on stainless steel at a substrate temperature of 430°C has been used. The p layer was 30 nm and the cell was finished with a 40-nm-thick indium tin oxide ͑ITO͒ top contact. The thickness of the i layers was 400 and 500 nm for the p-i-n cell and n-i-p cell, respectively, while no optimization of these values has taken place.
The performances of the solar cell devices are listed in Table I and the current-voltage curves are given in Fig. 11 . The cell deposited at 300°C had an initial efficiency of 4.1% ͑under 100 mW/cm 2 AM 1.5 illumination͒. This p-i-n cell suffered already from degradation of the p layer as can also be concluded from its relatively low V oc . However, its performance is still better than that of the n-i-p cell, which had an efficiency of 3.3%. This is despite the fact that the properties of the individual i layer at 400°C are superior. The lower efficiency can, among other things, be attributed to the fact that for the 400°C cell the ITO top contact was not optimized for optical transmission. As a reference, the p-i-n cells with the i layer deposited by rf PECVD and n-i-p cells with the i layer deposited by HWCVD have record initial efficiencies of 10% 56 and 5.6%, 55 respectively.
Considering the fact that no optimization of the solar cells in their entirety has been carried out, such as tuning of the properties of the doped layers and a refinement of the thickness of the intrinsic a-Si:H layer, these preliminary results on solar cells deposited at a rate of 7 nm/s are promising. Furthermore, we note that transport through air was inevitable ͑total air exposure time Ͼ12 h͒ and that no light trapping and no special back reflection enhancement techniques were applied.
IV. DISCUSSION
A. Relation between the film properties and the growth precursors
In the previous sections, it has been shown that the film properties obtained at no or very low H 2 flows are inferior to those obtained at H 2 flows within the range of 5-15 sccs. This behavior can be related to a change in the plasma processes and film growth precursors when the H 2 flow is varied. By detailed investigations using several plasma diagnostics 32, 34, 35, 37 it is found that for the different H 2 flows two different regions can be distinguished with respect to the SiH 4 dissociation process. At low H 2 flows, SiH 4 is mainly dissociated by reactions induced by ions emanating from the plasma source. By means of dissociative charge transfer reactions with ions and dissociative recombination reactions with electrons this leads to a considerable production of SiH x radicals (xр2). 34, 35, 37 These radicals have a high ͑surface͒ I. Performance of single junction solar cells based on two different cell structures. The intrinsic a-Si:H layer has been deposited by the expanding thermal plasma at a rate of 7 nm/s. For the p-i-n cell the thickness was 400 nm, for the n-i-p cell 500 nm, and the substrate temperatures were 300 and 400°C, respectively. reactivity, and they contribute either directly to film growth or react first with SiH 4 to create reactive polysilane radicals ͓such as Si 2 H x (xр4), etc.͔ 57 before contributing to growth. When the H 2 admixture is increased, the flow of ions from the plasma source reduces drastically, whereas the flow of atomic H from the source increases. This leads to more hydrogen abstraction reactions between SiH 4 and H and consequently to an increasing contribution of SiH 3 to film growth. For H 2 flows տ7.5 sccs, film growth is by far dominated by SiH 3 ͑contribution is estimated at ϳ90%͒. 37 Under these conditions the amount of H emanating from the source is almost fully consumed 37 and the flux of SiH 3 towards the a-Si:H surface is much larger than the flux of H. 58 The contribution of Si containing positive ions to film growth is less than 10% 35, 37 and rather independent of the H 2 flow. 35 Despite the fact that at low H 2 flows SiH 4 dissociation is governed by ions, fast dissociative recombination reactions of the ions with electrons under these conditions lead to a strong reduction of the contribution of the ions at low H 2 flows. 37 The transition to dominantly SiH 3 when increasing the H 2 flow is corroborated by the dependence of the overall surface reaction probability on the H 2 flow. This overall surface reaction probability depends on the fluxes of different reactive species to the film and on each of their particular surface reaction probabilities. The overall surface reaction probability decreases from ϳ0.5 to ϳ0.3 when increasing the H 2 flow from 0 to 15 sccs. 36, 37 At the high H 2 flows, the overall surface reaction probability of ϳ0.3 approaches the values of the surface reaction probability proposed for SiH 3 (0.2-0.3). 36 At low H 2 flows, there is apparently a significant contribution of reactive SiH x (xр2) and polysilane radicals. For these radicals, values of the surface reaction probability within the range of 0.6-1 have been proposed. 36 From these results, the poorer a-Si:H film quality obtained at low H 2 flows can be understood. Radicals with a high surface reaction probability lead easily to a high surface roughness and columnar film growth because they stick ͑al-most͒ immediately at their position of impact on the surface ͑the ''microscopic-shadowing'' effect͒. 59 Radicals with a lower surface reaction probability on the other hand, can have multiple reflections on the surface before they actually stick. Radicals such as SiH 3 are therefore capable of filling up so-called ''valleys'' at the surface 59 causing smoother film growth. ͑On this point we disagree with Doughty et al. 60 Without underrating the importance of surface diffusion, a radical that can undergo several reflections has certainly a larger probability of ending up at the ''bottom of a valley.''͒ The decreasing surface roughness for increasing H 2 flow is thus in perfect agreement with the increasing contribution of SiH 3 . Since voids are more easily incorporated when the surface is rough, a higher contribution of very reactive radicals explains the lower Si atomic density and higher void fraction at very low H 2 flows.
The improvement of the optoelectronic properties with increasing H 2 flow can be understood from the improvement of the electronic transport properties with increasing film density. Porous films are obviously also more susceptible to oxidation when exposed to air. It is also expected that the defect density of the films depends on the species contributing to growth. Furthermore, ph and d show somewhat more dependence on the H 2 flow than the structural film properties, especially at a substrate temperature of 400°C. This suggests that it is easier to compensate for poor structural properties ͑as caused by the growth precursors͒ by using high substrate temperatures than for poor electronic performance.
Because the film properties do not show a correlation with the contribution of the cationic Si clusters, no relation between their contribution and the film properties can be extracted from the data. However, it is not excluded that these ions have important implications for the film quality, as has also been discussed in Refs. 33 and 35. Despite the fact that the contribution of the ions is within the range of 5%-9%, these H poor and compact clusters can easily affect the defect density: their contribution is much larger than the defect density in high quality a-Si:H that is in the order of 10 Ϫ6 -10 Ϫ7 of the Si atomic density. 43, 46 It can be concluded that the type of species contributing to a-Si:H growth has important implications for the film properties finally obtained. It has been shown that the quality of the a-Si:H with respect to solar cell applications improves with an increasing contribution of SiH 3 . Such a relation is already generally accepted for a-Si:H produced at the commonly used deposition rates, but here this relation is also found for very high rate deposited a-Si:H. It is important to realize that the film quality, in terms of electronic properties, is not necessarily directly related to the contribution of SiH 3 . Film properties such as the defect density can also completely be determined by a ͑small͒ contribution of other species than SiH 3 . Furthermore, the results obtained with the ETP technique imply that a dominant contribution of SiH 3 only is not sufficient to obtain high quality a-Si:H at high deposition rates. Under these conditions, also higher substrate temperatures are required to obtain films with a sufficiently high mass density. This might be related to the high deposition rate itself and/or the absence of a ͑sufficient͒ ion bombardment of the film during deposition as will be discussed in the following section.
B. Comparison with a-Si:H deposited by other techniques
In Sec. III, the ETP deposited a-Si:H has been compared to rf PECVD a-Si:H, typically deposited at substrate temperatures between 200 and 300°C. In this section, we will also compare the material with a-Si:H deposited by other techniques, where in some cases either the material properties or the process conditions show striking similarities. Although such a comparison is afflicted with differences in analyzed film parameters, method of analysis, etc., it is still worth trying to come to some general insights regarding the growth and properties of a-Si:H.
First of all, the relation between the deposition rate and substrate temperature is considered. In the present study, it has been shown that relatively high substrate temperatures are necessary to obtain dense films with a sufficiently low R*. This requirement can be caused by the high deposition rate itself 47 but it might also be related to the absence of energetic ion bombardment during deposition ͑sheath potential Ͻ2 eV͒. 33, 34 That it is possible to deposit high quality a-Si:H at lower substrate temperatures when sufficient ion bombardment takes place is also suggested by Abelson. 61 Moreover, a relation between the ion energy and both the film density and R* is indicated by the data of Hamers et al. 62 Using rf and VHF PECVD, it was shown that dense films with R*Ͻ0.1 were obtained when 5 eV ion energy was available per Si atom deposited. This observation is consistent with the fact that films with reasonable properties can be obtained at 3 nm/s by rf PECVD when depositing at the cathode and using somewhat higher substrate temperatures ͑350°C͒ than usually. 3 The HWCVD technique on the other hand, is capable of producing very dense films with R*ϭ0 at deposition rates up to 2 nm/s and at relatively low substrate temperatures while ion bombardment is absent. 20, 23, 24, 26 This absence of energetic ion bombardment can possibly be compensated by a large flux of ''energetic'' H that is thermalized at the filament. 20 Furthermore, it should be noted that the substrate temperatures reported for HWCVD are not always reliable because accurate temperature control is difficult due to the presence of a hot filament. 63, 64 In some cases, only the substrate temperature prior to deposition is reported. 65 Another important effect associated with ion bombardment is the enhancement of the electron and hole drift mobility as reported for rf PECVD a-Si:H for ion energies within an extremely narrow window around 20 eV(T ϭ250°C). 66, 67 The exact values of the mobilities have been under discussion in Refs. 53 and 68. The enhancement of the mobilities can possibly be associated with the ion-energy effects observed in Si ϩ beam epitaxy by Rabalais et al. 69 Low defect density crystalline silicon was obtained for ion energies within a very narrow window (ϳ20Ϯ10 eV͒ at low substrate temperatures ͑160°C͒. For higher temperatures this window broadened out, particularly at the low-energy side. These observations also suggest that ion bombardment can be interchanged with substrate temperature, at least as long as the typical ion energy is not much larger than the displacement threshold energy causing deleterious effects.
Going back to HWCVD, for the a-Si:H produced by this technique some very interesting properties have been observed. Mahan et al. 20 have shown that no severe deterioration of the film properties takes place when going to high substrate temperatures and to low H concentrations in the films ͑down to Ͻ1% for TϾ400°C). For increasing substrate temperature, both ph and the electron drift mobility 70 showed only a slight decrease, while an improved stability against light-induced degradation was obtained for films with a H content of 2-3 at. % (Tϭ400°C prior to deposition͒. 65 Furthermore, E Tauc and d of the material remained, respectively, high and low when going to low H concentrations.
In comparison with the ETP a-Si:H films deposited at 400°C, the lower H content and the value of R*ϭ0 for the HWCVD films are remarkable. Because the substrate temperature was 400°C prior to deposition, this difference suggests that the substrate temperature during the deposition of the HWCVD films was considerably higher than 400°C. Furthermore, some significant differences have been reported for films deposited by different HWCVD reactors under similar circumstances. The drastic decrease in H content with increasing substrate temperature has been reproduced in several other studies, 64, 71 but Feenstra et al. found film properties improving with increasing substrate temperature while the H content remained high ͑9.5 at. %͒ up to 430°C. 21 This material showed also no improved stability compared to rf PECVD a-Si:H and values of R*у0.1 were reported. 72 Heintze et al. reported similar R* values for films containing 4 at. % H which were obtained at a substrate temperature of 400°C. These films showed only a slightly improved stability. 71 Also the observation by Mahan et al. 20 that both E Tauc and d remained constant when going to films with a low H concentration is remarkable. This behavior is in contrast with the observations for ETP deposited a-Si:H, but also with the observations for HWCVD a-Si:H films reported by Nelson et al. 64 and Heintze et al. 71 Mahan et al. has attributed the fact that E Tauc remained constant at a relatively high value when going to low H concentrations to improved structural ordering in the HWCVD films. 20, 27 Regarding the improved structural ordering in low H content HWCVD a-Si:H, 20, 27 there might be some similarities with the ETP deposited a-Si:H. Although speculative, the higher hole drift mobility in the ETP material as well as the appearance of a steep edge in the band tail states 31 might suggest also a different network bonding, while the enhanced hole drift mobility might be related with the relatively large ambipolar diffusion length in the low H content HWCVD a-Si:H films. 20 For the moment, it can only be mentioned that both techniques yield a-Si:H with similar values for the half width at half maximum of the Raman Si-Si TO mode, 27 values which are also typically found for rf PECVD a-Si:H.
Another aspect related to R*, is the fact that H bonded as SiH 2 in the film has been linked with the contribution of higher silane related chemical species and subsequently with light-induced degradation of a-Si:H. 73 The fact that R* increases with increasing deposition rate, 51, 74, 75 has been attributed to the higher contribution of these species to film growth, because these kind of species are more created at higher plasma power and/or pressure in rf PECVD ͑the method usually applied to increase the deposition rate͒. 73 For the optimized plasma conditions in the expanding thermal plasma ͑i.e., high H 2 flow͒, film growth is dominated by SiH 3 and only a very small fraction of higher silanes has been observed. 32, 35 The R* value is nevertheless relatively high, especially at 250°C. Furthermore, no strong dependence of R* on the H 2 flow has been observed ͑see Fig. 5͒ , while the contribution of polysilane radicals presumably increases significantly when going to low H 2 flows.
The ETP technique has some similarities with other remote plasmas, such as the microwave operated ''remote hydrogen plasma'' ͑RHP͒ 12 and the H 2 operated electron cyclotron resonance plasma ͑H-ECR͒. 19 These plasmas use also H generated in a H 2 operated source to dissociate SiH 4 , and therefore film growth is presumably also dominated by SiH 3 in these techniques. Furthermore, in these plasma also less ion bombardment takes place ͑this is to a smaller extent valid for H-ECR͒ 76 and high substrate temperatures (Tϭ ϳ400°C) are typically used as well. The RHP technique yields however a relatively high H content at this temperature ͑10 at. %͒ 12 while R*ϭϳ0. 77 For H-ECR the relatively high E Tauc of 1.74 eV at 450°C 76 suggests also a relatively high H content. Furthermore, it is suggested that for both techniques there is a relatively high H flux during deposition. It is therefore intriguing that, under similar circumstances as for HWCVD, also an improved stability for the material has been reported. 12, 19 The HWCVD material, however, has a H content of 2-3 at. %. with R*ϭϳ0, 20 while the SiH 4 dissociation process and dominant growth precursors are also very different. The SiH 4 is decomposed at a filament yielding mainly Si and H atoms. 63 These radicals can subsequently react with SiH 4 before reaching the substrate. The probability for these reactions, however, is limited due to the relatively low SiH 4 pressure and small distance between filament and substrate ͑typically р5 cm͒. It is expected that a considerable fraction of the ͑hot͒ Si atoms can react with SiH 4 ͑to mainly H 2 SiSiH 2 ), 63, 78 but this is less evident for H. It is rather improbable that H reacts to SiH 3 in the gas phase and the proposed scheme that SiH 3 is created at the a-Si:H surface by H ͑i.e., H creates a surface dangling bond by H abstraction and this surface dangling bond abstracts subsequently a H atom from SiH 4 ) 78 is also unlikely because of the very low reactivity of SiH 4 with pristine crystalline Si surfaces. 79, 80 It can therefore be excluded that in HWCVD SiH 3 contributes dominantly to film growth. This shows that a dominant contribution of SiH 3 is not a necessary condition for high quality a-Si:H growth.
V. CONCLUSION
The film properties of a-Si:H deposited using the expanding thermal plasma have been investigated for different operating conditions of the plasma source and for two different substrate temperatures. It has been shown that this technique is capable of depositing low-defect density a-Si:H at deposition rates up to 10 nm/s for a substrate temperature of 400°C and a relatively high H 2 flow in the cascaded arc plasma source. The a-Si:H obtained for these conditions is suitable for application in solar cells but it has somewhat different properties than rf PECVD a-Si:H. The substrate temperature of 400°C, necessary to obtain dense films at high deposition rates, leads to a relatively low H content of 6-7 at. % and a relatively high microstructure parameter R* of 0.2. The films have a small Tauc band gap ͑ϳ1.67 eV͒ and a relatively small activation energy of the dark conductivity ͑ϳ0.75 eV͒. This is related with the low H content of the films and it explains, at least partially, the relatively high dark conductivity (ϳ2ϫ10 Ϫ9 ⍀ Ϫ1 cm Ϫ1 ) of the films. The photoconductivity of the material (ϳ4ϫ10 Ϫ6 ⍀ Ϫ1 cm Ϫ1 ) is slightly lower than for optimized rf PECVD a-Si:H. This can most probably be attributed to the enhanced hole drift mobility of the material which is about a factor of 10 higher than for optimized rf PECVD a-Si:H. The enhanced hole drift mobility without the equivalent reduction of the electron drift mobility leads to enhanced recombination.
The preliminary results on the solar cells with the i layer deposited at 7 nm/s by the expanding thermal plasma show also the potential of very high rate deposited a-Si:H. A simple p-i-n cell with the i layer deposited at 300°C yielded an efficiency of 4.1%, despite thermal degradation of the p layer and a not fully optimized intrinsic a-Si:H layer. Moreover, the cell thickness was not optimized and air exposure was inevitable. The n-i-p cell, with a thermally stable n layer and with higher quality intrinsic a-Si:H deposited at 400°C, yielded an efficiency of 3.3%, despite a nonoptimized ITO top contact. These results are encouraging for further solar cell optimization, which will be done in a recently developed solar cell deposition system consisting of a rf PECVD reactor, an expanding thermal plasma reactor, and a sample transfer chamber.
The film properties obtained for the different operating conditions of the plasma source have also been related to the SiH 4 dissociation reactions and species contributing to film growth. The improvement of the properties with increasing H 2 flow added to the Ar in the cascaded arc plasma source can be attributed to an increasing contribution of SiH 3 to film growth. The optimum film quality is obtained for conditions in which SiH 3 is by far dominant ͑contribution SiH 3 is estimated at ϳ90%͒, while conditions with a high contribution of very reactive ͑poly͒silane radicals lead to inferior properties. The high surface reaction probability of these radicals leads to a high surface roughness and a low film density.
